Greyscale ultrasonography (US) and PDUS were prospectively performed on 91 women in Malaysia with histopathologically proven breast lesions. The diagnostic accuracy of greyscale US, PDUS, and both greyscale US and PDUS was calculated and compared.
INTRODUCTION
According to the American Cancer Society, about 1.3 million women around the world are diagnosed with breast cancer every year and 465,000 will die from the disease.
(1) Breast cancer is the most commonly diagnosed cancer among Malaysian women. (2) Data from the 2004 Malaysian National Cancer Registry revealed that approximately one in 20 women in Malaysia develop breast cancer during their lifetime. (3) Although mammography is recognised as the best screening method for breast cancer, combining mammography and ultrasonography (US) helps to improve detection, especially if the woman has dense breasts. Furthermore, the detected breast lesions can be characterised more accurately when these modalities are used in combination than on their own.
The association between angiogenesis (i.e. the formation of new blood vessels) and cancer was first described by Folkman in 1971 . (4) Metabolically active cancer cells demand more oxygen and nutrients than normal vessels are able to provide, resulting in hypoxia. This hypoxic state stimulates the formation of new vessels that run from existing blood vessels into the tumour in order to maintain the tumour's metabolic homeostasis. (5) Previous studies have shown the role and significance of Doppler sonography in the evaluation of breast lesions, particularly in identifying malignancy and characterising tumours. (6, 7) Notably, the identification of tumour vascularity has been used to differentiate benign masses from malignant masses.
In the present study, we aimed to investigate the vascular pattern of solid breast lesions and determine whether the presence of penetrating vessels on power Doppler sonograms can be used to distinguish malignant lesions from benign lesions. We used power Doppler US (PDUS) instead of colour Doppler, as the former is not angle-dependent and has increased sensitivity to flow (i.e. it can detect flow in small vessels). In addition, in contrast to colour Doppler, problems related to aliasing do not occur with PDUS. (8, 9) 
METHODS
This study was performed in a breast imaging unit of University Malaya Medical Centre, Kuala Lumpur, Malaysia, over a period of 24 months (December 2008-December 2010). Women who presented to the unit for mammography and/or breast US, for screening and/or diagnostic indications, were eligible for inclusion. We prospectively recruited 91 consecutive female patients who Evaluation of solid breast lesions with power Doppler: value of penetrating vessels as a predictor of malignancy INTRODUCTION This study aimed to evaluate the vascular pattern of solid breast lesions using power Doppler ultrasonography (PDUS) and assess whether the presence of intratumoural penetrating vessels can predict breast cancer malignancy.
were scheduled for US-guided tissue core biopsy, hook wire excisional biopsy or mastectomy. Both conventional US and Doppler examinations were conducted for these women. Patients who had undergone surgery or neoadjuvant chemotherapy for the lesion that was being assessed were excluded. Informed consent for examination and biopsy was obtained from the participants. Approval for this study was obtained from the University of Malaya Research Ethics Committee.
The final histopathological diagnoses were confirmed using the results of tissue core biopsy or excisional biopsy, or the mastectomy specimen, when available. Diagnostic B-mode greyscale US and PDUS imaging were performed using a medical grade US system (Philips iU22; Philips Healthcare, Bothell, WA, USA) with a high frequency (i.e. 12.5 MHz) linear probe. Two radiologists performed breast US after the examination protocol had been standardised via a one-week trial run involving ten patients. The images were captured as static and cine images on the scanner, and saved in blinded datasets for independent interpretation and review. Each breast lesion was evaluated using (a) conventional B-mode greyscale US alone; and (b) a combination of B-mode greyscale US and PDUS in both the supine and supine oblique positions. B-mode greyscale US was done in the transverse and perpendicular planes to allow assessment of the lesion's size and morphologic characteristics. For each patient, one radiologist performed both the B-mode greyscale US and PDUS, while another radiologist reviewed and analysed the imaging dataset at a separate setting. The PDUS gain was maintained between 70% and 80%, and minimal pressure was applied to the skin to avoid vascular compression by the US probe.
The morphology of the breast lesions on B-mode greyscale US was characterised according to the American College of Radiology's Breast Imaging-Reporting and Data System (ACR BI-RADS®).
(10) The size, shape, echogenicity, orientation, margin and posterior acoustic features of the lesion, as well as the presence of calcification in the lesion, were documented. Lesions with features that were typically benign and had no suspicious findings were categorised as benign or probably benign (i.e. BI-RADS 2 or 3). In our institution, patients with lesions that are categorised as probably benign (i.e. BI-RADS 3) may undergo percutaneous biopsy if they have an increased risk of breast cancer, previous surgery for high-risk lesions, or large lesions scheduled for excision surgery. Features were documented if they were suspicious of or indicated malignancy, such as irregular shape, non-circumscribed margins (e.g. spiculated or microlobulated margins), microcalcifications, taller-than-wide (non-parallel) orientation, heterogeneous internal echogenicity and ductal extension. If there was only one suspicious finding, the lesion would be categorised as BI-RADS 4 (i.e. suspicious for malignancy). If there were two or more suspicious findings, the lesion would be categorised as BI-RADS 5 (i.e. highly suspicious for malignancy).
The vascular patterns of the lesions on PDUS were categorised according to the groups described by Raza and Baum: (9) (a) no vessels -no flow was observed within the lesion; (b) peripheral or central vessels -vessels were observed within the lesion or curved along the margin of the lesion (Fig. 1) ; (c) penetrating vessels -vessels were observed arising from the edge of the lesion and traversing into the lesion, with or without a branching pattern (Fig. 2) . The degree of vascular penetration (in percentage) was quantitatively calculated using the following formula ( Fig. 3) :
Depth 1 ×100 Depth 2 The US image datasets were reviewed and interpreted by two radiologists who specialise in breast imaging. They were blinded to the patients' clinical information, mammography findings and final histopathology diagnosis. Each breast lesion was assigned an appropriate BI-RADS category based on its morphological appearance. The vascular patterns of the lesions were categorised according to the groups described in the previous paragraph, once by using the PDUS images alone, and a second time by using the PDUS images in combination with the B-mode greyscale US images. The histopathological diagnosis was used as the reference standard, and the definite result from the mastectomy specimen, excisional biopsy or tissue core biopsy was used for correlation and statistical analysis.
The data was tabulated into a Microsoft Excel spreadsheet (Microsoft, Redmond, WA, USA) and statistical analysis was performed using SPSS Statistics version 17.0 (SPSS Inc, Chicago, USA). Pearson's chi-square test and Mann-Whitney U test were used to test for correlations between variables. The sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were calculated for the vascular pattern and depth ratio.
RESULTS
A total of 91 women, aged 18-68 years, were included in the study. Collectively, there were 102 breast lesions among the women: 47 were malignant and 55 were benign. Among the malignant lesions, 45 were invasive ductal carcinomas (IDCs), one was a mucinous carcinoma and one was a ductal carcinoma in situ. Among the benign lesions, 31 were fibroadenomas, 15 were benign proliferative lesions, two were due to fibrocystic disease, two were benign phyllodes tumours, two were due to granulomatous mastitis, one was a fibrofatty lesion, one was atypical ductal hyperplasia and one was an intraductal papilloma. Patients with malignant breast lesions underwent either breast-conserving surgery or mastectomy, except for two patients with bilateral advanced carcinoma who underwent chemotherapy and radiotherapy.
In our study cohort, breast carcinoma was most common among the Chinese (n = 20), followed by Malays (n = 15) and Indians (n = 8). The higher incidence of breast carcinoma among Chinese women corresponds with the data from the Malaysian Cancer Registry 2004.
(3) However, unlike the 2004 data, the incidence of breast carcinoma in the present study was higher among Malay patients compared to Indian patients. (3) The mean age of the women with malignant lesions was 52 (range 24-68) years, while the mean age of the women with benign lesions was 36 (range 18-66) years. The size of the benign lesions ranged from 3-98 mm, while the size of the malignant lesions ranged from 7-53 mm. Using only the B-mode greyscale US images, the 102 breast lesions were prospectively categorised as either: (a) probably benign/BI-RADS 3 (n = 40); or (b) suspicious or highly suggestive of malignancy/BI-RADS 4 or 5 (n = 62). All the BI-RADS 3 breast lesions were revealed to be benign on histopathology. Among the 62 lesions that were categorised as suspicious or highly suspicious of malignancy/BI-RADS 4 or 5, 47 were malignant on histopathology. Fig. 4 summarises the results of the classification when both B-mode greyscale US and PDUS were used.
The sensitivity, specificity, PPV and NPV of B-mode greyscale US alone in predicting malignancy were 100.0%, 71.4%, 74.1% and 100.0%, respectively (Table I ). The margin, shape, posterior acoustic features and presence of calcification were the significant parameters (p < 0.01) for differentiating histologically malignant lesions from histologically benign lesions (Table II) . Non-circumscribed margin, irregular shape, posterior shadowing and calcification were features that had a high PPV for malignancy (PPV 74.6%, 87.5%, 85.0% and 88.9%, respectively). In the present study, the taller-than-wide feature did not show a significant association with the probability of malignancy. While most of the benign lesions showed well-circumscribed margins, a regular shape, the absence of shadowing or posterior enhancement, and no calcifications, 12 benign lesions had an irregular shape, 15 had non-circumscribed margins and three had posterior shadowing. When the breast lesions were evaluated using PDUS, 47 lesions demonstrated penetrating vessels and two lesions had peripheral vessels. Among the 47 breast lesions with penetrating vessels, 42 were classified as BI-RADS 4 or 5, and five were classified as BI-RADS 3. Histopathological examination showed that 36 (76.6%) of 47 breast lesions with penetrating vessels were malignant and 11 (20.0%) were benign (six fibroadenomas, one giant fibroadenoma, one ductal hyperplasia, one papilloma, one mastitis/fat necrosis and one granulomatous mastitis). A peripheral vessel pattern was observed in two lesions that were categorised as BI-RADS 3; these two lesions were histologically proven to be fibroadenomas. There were 11 malignant lesions that did not exhibit any vascularity -nine were IDCs, one was a tubular carcinoma and one was a mucinous carcinoma. The results of the chi-square and Mann-Whitney U tests showed that there was a significant correlation between the presence of penetrating vessels and malignancy (p < 0.05) ( Table II) . The sensitivity, specificity, PPV and NPV of the presence of penetrating vessels in predicting malignancy were 76.5%, 80.0%, 76.5% and 80.0%, respectively (Table I) .
When B-mode greyscale US findings were combined with PDUS findings, chi-square test results showed that the combined findings were able to differentiate benign lesions from malignant lesions (p < 0.05 for all features except for tumour orientation) ( Table II) . The sensitivity, specificity, PPV and NPV for the combined B-mode greyscale US and PDUS method were 76.5%, 89.0%, 85.7% and 81.0%, respectively (Table I) .
The degree of vascular penetration ranged from 5.4%-100% for malignant lesions and 10.2%-60.1% for benign lesions. Using the Mann-Whitney U test, we found that there was no correlation between the degree of vascular penetration and malignancy 
DISCUSSION
US is an established, adjuvant diagnostic tool to mammography for characterising breast lesions and differentiating between benign and malignant lesions. The ACR BI-RADS US lexicon classification is a standard guideline that is widely used in the evaluation and categorisation of breast lesions (as benign, probably benign, suspicious and highly suspicious of malignancy). (10) The growth of a breast cancer is closely associated with abnormal new blood vessel formation or angiogenesis. The cancer cells stimulate the development of abnormal new vessels through pre-existing microvessels within the normal breast tissue. A study by McNicholas et al showed that the presence of intratumoural vessels was significantly associated with malignancy in both palpable and non-palpable breast lesions. (11) In fact, one study showed that the presence of intratumoural vessels can be used to determine the prognosis of breast cancer as well as the therapeutic approach for it. (12) In the present study, the breast lesions were first evaluated using B-mode greyscale US, according to the ACR BI-RADS criteria, followed by PDUS (to assess vascular patterns). Based on the B-mode greyscale US findings, there was a significant correlation between BI-RADS categorisation and histopathology results (p < 0.05). The sensitivity, specificity, PPV and NPV of B-mode greyscale US were 100.0%, 71.4%, 74.1% and 100.0%, respectively; the specificity and PPV were higher than those reported by Gokalp et al and Kwak et al, while the sensitivity and NPV were similar to those reported by Kwak et al, but higher than those reported by Gokalp et al. (13, 14) The improvement in specificity and PPV could be due to the use of a high-resolution US probe.
According to the ACR BI-RADS criteria, the presence of a single malignant feature in a breast lesion renders it a BI-RADS 4 or 5 lesion (i.e. suspicious or highly suspicious of malignancy). In the present study, most of the lesions that were suspicious or highly suspicious of malignancy exhibited at least two suspicious sonographic features. Our finding that the shape, margin, posterior acoustic features, and the presence of calcification can be used to predict whether the lesions were benign or malignant is comparable to those of previous studies. (9, (13) (14) (15) (16) In terms of breast lesion orientation, unlike the study by Gokalp et al, (13) we did not find the taller-than-wide feature to be significantly associated with malignancy. This could be due to the small sample size of the present study or the size of the lesions examined, which were mostly > 2 cm. In a lesion with a taller-than-wide orientation, the long axis is not parallel to the skin line. This feature has been previously shown to correlate well with malignancy. In contrast, wider-than-tall or oval-shaped lesions (i.e. long axis parallel to the skin line) are associated with benignity. (16) In the present study, 13 of the 102 breast lesions had the taller-than-wide feature; however, only eight lesions were confirmed to be malignant on histological examination.
We selected PDUS over colour Doppler US to evaluate the vascular pattern of lesions, as the former has a higher sensitivity in detecting flow in solid breast lesions, particularly if small vessels and low-velocity blood flow are involved. (17) Since PDUS measures the amplitude of blood flow, it is angle-independent and avoids aliasing artefacts. (18, 19) Although PDUS has shown great potential in predicting malignancy, (16, 19, 20) its use is limited by the lack of standard interpretation guidelines. Hence, we aimed to assess whether the vascular pattern of lesions can be used to predict malignancy and whether the vascular pattern of a lesion correlates with its BI-RADS category. Although other aspects of PDUS imaging could have been used, evaluating vascular patterns appears to be less time-consuming compared to other parameters 
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such as the resistive index. The morphology of the vessels of solid breast lesions on PDUS was first described by Raza and Baum, (9) who found that the sensitivity, specificity, PPV and NPV of using penetrating vessels to predict malignancy were 68%, 95%, 85% and 88%, respectively. The vascular patterns of the lesions, as seen on PDUS, correlated with the histopathology results in the present study, with high specificity and NPV ( Table I ). The degree of vascular penetration within the breast mass was also calculated, but there was no significant correlation between the degree of vascular penetration and malignancy. In other words, the depth of vessel penetration did not contribute to the characterisation of lesions in the present study. Thus, we conclude that the presence of penetrating vessels alone, regardless of the degree of penetration, is a good predictor of malignancy. We found that the presence of penetrating vessels in combination with suspicious or highly suspicious features (i.e. BI-RADS 4 or 5) yielded the best diagnostic accuracy. The specificity and PPV were high (specificity 89.0%, PPV 85.7%) in predicting malignancy, as compared to the diagnostic accuracy of penetrating vessels alone (specificity 80.0%, PPV 76.5%) and BI-RADS features alone (specificity 71.4%, PPV 74.1%). The number of false positive results in the combined assessment group was also lower than that of the group that assessed penetrating vessels alone and the group that assessed BI-RADS features alone. Although BI-RADS categorisation is a sensitive method for predicting malignancy, it produces a greater number of false positive results (i.e. benign lesions that show malignant morphology sonographically) due to its low specificity. When the presence of penetrating vessels was used to predict malignancy in the present study, false positive results were seen in 11 benign lesions. Penetrating vessels were seen in six fibroadenomas, one giant fibroadenoma, one atypical ductal hyperplasia, one papilloma, one mastitis/fat necrosis and one granulomatous mastitis. Thus, while the malignancy pick-up rate improved with the use of PDUS, sensitivity and NPV were reduced, resulting in an increased biopsy rate; this is similar to the results of a study conducted by Tozaki and Fukuma. (21) Studies conducted by Gokalp et al, (13) Kwak et al (14) and Lee et al (20) on the role of PDUS in predicting malignancy yielded results that were similar to those of the present study. However, we obtained a higher diagnostic accuracy of PPV and specificity for the combined B-mode greyscale US and PDUS method as compared to Kwak et al. (14) The diagnostic accuracy achieved based on vessel penetration alone was relatively similar to that reported by Gokalp et al. (13) One of the limitations of the present study is the possibility of bias and interobserver variability during the B-mode greyscale US and PDUS image acquisition, since it was performed in the same sitting by the two radiologists. In an attempt to alleviate interobserver variability, we conducted an initial trial run to standardise image acquisition and interpretation of the US and PDUS images.
The recent years have seen promising technological advances in breast US. Several breast cancer studies showed increased diagnostic accuracy with the addition of strain and shearwave elastography to B-mode greyscale US. (22, 23) Cho et al also demonstrated increased diagnostic performance in distinguishing benign from malignant breast masses using combined method US elastography and colour Doppler US. (24) The authors proposed that follow-up US, instead of biopsy, can be recommended to patients with breast masses that have a low index of suspicion for malignancy (i.e. avascular on colour Doppler imaging and showing no stiffness on elastography). (24) The newer US scanners are readily equipped with manufacturer-specific elastography software, which are beneficial in the assessment of indeterminate and equivocal breast lesions. Breast US is a useful adjunct to mammography in breast cancer detection and can be used to characterise breast lesions. The vascular flow patterns of breast lesions on PDUS may be useful for the differentiation of benign and malignant breast lesions. The present study showed an improvement in specificity for predicting malignancy when suspicious lesions were evaluated using both B-mode greyscale US and PDUS. Visualisation of penetrating vessels in solid breast lesions using PDUS can be used to complement B-mode greyscale US in the assessment of breast lesions, so as to improve the prediction of malignancy and determine when histopathological assessment is warranted.
